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Many experimental ﬁndings on heterogeneity, ﬂexibility, and plasticity of tissue stem cells are currently challenging stem cell con-
cepts that assume a cell intrinsically predeﬁned, unidirectional diﬀerentiation program. In contrast to these classical concepts,
nonhierarchical self-organizing systems provide an elegant and comprehensive alternative to explain the experimental data. Here
we present the application of such a self-organizing concept to quantitatively describe the hematopoietic stem cell system. Focus-
ing on the analysis of individual-stem-cell fates and clonal dynamics, we particularly discuss implications of the theoretical results
on the interpretation of experimental ﬁndings. We demonstrate that it is possible to understand hematopoietic stem cell organi-
zation without assumptions on unidirectional developmental hierarchies, preprogrammed asymmetric division events or other
assumptions implying the existence of a predetermined stem cell entity. The proposed perspective, therefore, changes the general
paradigm of thinking about stem cells.
Copyright © 2007 Ingo Roeder et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION
Is this particular cell a stem cell? Any attempt to answer this
question implies the idea that one can prospectively decide
about the capabilities of a selected cell without relating it to
other cells and without functionally testing its capabilities.
This, however, might be a rather unrealistic point of view.
To explain this, consider the deﬁnition of tissue stem cells.
It is widely accepted that currently a deﬁnite characteriza-
tion of tissue stem cells is only possible on the basis of their
functionalcapabilitiesandnotonthebasisofexplicit,directly
observable attributes. Such a functional perspective is inher-
ently consistent with the biological role of tissue stem cells to
maintain tissue homeostasis and to (re)generate functional
tissues.
The two key capabilities of tissue stem cells are the ability
toself-renewtheirownpopulationandtheabilitytoproduce
a large number of fully functional, diﬀerentiated cells, im-
plying also the ability to proliferate. However, although these
are necessary capabilities, they are not suﬃcient to guarantee
long-term maintenance and reconstitution of a fully func-
tional tissue, which requires a highly coordinated control of
cell production and diﬀerentiation. This points to another
essential property of tissue stem cells: the ﬂexibility in the
use of their functional potentials. This ﬂexibility, which had
for the ﬁrst time been incorporated into a deﬁnition of tis-
sue stem cells by Potten and Loeﬄer [1], refers to the fact
that stem cells might particularly be characterized by their
ability to respond to the actual needs of the system. Such
adaptiveness inevitably requires a communication of stem
cells among each other and with their microenvironment.
Beside feedback regulations on the basis of long-range acting
molecules such as cytokines [2–4], this communication also
refers to the importance of the so-called stem cell niche [5–
9]. Meanwhile, the existence of stem cell supporting niches
has been identiﬁed for most (regenerative) tissues, includ-
ing the hematopoietic system [10, 11]. Moreover, there is
increasing evidence that stem cell organization is the result
of complex cell-cell and cell-microenvironment interactions
rather than the consequence of a predeﬁned stem cell intrin-
sic program [12–15].
Applying the functional deﬁnition, the above-stated
question whether a particular cell is a stem cell can only be
answered retrospectively, having subjected the cell to a func-
tional assay. This, however, will induce a cellular response
and will inevitably alter the actual properties of the cell. This2 Journal of Biomedicine and Biotechnology
means that, in order to answer the question, one unavoid-
ably loses the original cell. This situation is somehow simi-
lar to Heisenberg’s uncertainty principle in quantum physics
which states that the very act of measuring the functional
properties of a certain system always changes its characteris-
tics, thus, giving rise to a certain degree of uncertainty in the
evaluation of the system properties. Although not identical,
theuncertaintyinthedeterminationofthefunctionalpoten-
tial of a cell still implies that all prospective statements about
stem cell functioning are necessarily probabilistic statements
about the cellular behavior under particular conditions.
2. CHALLENGES IN STEM CELL BIOLOGY
There are a number of experimental observations which
challenge the classical conception of a cell intrinsically pre-
deﬁned stem cell program. Although these observations are
not restricted to one particular tissue, we will discuss them
with the focus on the hematopoietic system.
Hematopoietic stem cells (HSCs) are heterogeneous with
respect to functional properties such as cycling activity, en-
graftment potential or diﬀerentiation status, as well as to the
expression of speciﬁc markers (phenotypic heterogeneity). Al-
though there exist a number of sophisticated puriﬁcation
protocols that are able to select more homogeneous popu-
lations of stem cells [16–20], there is always a certain func-
tional overlap of the obtained subpopulations. Furthermore,
there is accumulating evidence that the phenotypic proper-
ties of HSC are reversibly changing (phenotypic reversibility)
[21–28] and that tissue stem cells speciﬁed for one type of
tissue can be manipulated such that they can act as stem cells
of another tissue (stem cell plasticity)[ 29–32]. Even though
there are most likely a number of constraints in the devel-
opmental options, these observations point to the fact that
the functional potential of a stem cell cannot be uniquely de-
termined by its actual phenotypic appearance. Therefore, al-
though a speciﬁc puriﬁcation protocol might select a pop-
ulation of cells with a homogeneous phenotype, showing a
certain behavior within a particular functional assay, this be-
havior might change over time or if the cells are exposed to
diﬀerent assay conditions.
Becauseclassicalstemcellconceptsarenotabletoexplain
all these experimental ﬁndings consistently, new conceptual
approaches are required. However, to be validated, such con-
cepts need a rigorous examination by quantitative and pre-
dictive modeling approaches.
3. THEORETICAL CONCEPTS AND QUANTITATIVE
MODELS IN STEM CELL BIOLOGY
Particularlywithrespecttotheuncertaintyintheprospective
characterization of stem cell function, a well-deﬁned theo-
retical framework will help to cope with the complexity of
experimental systems and will, therefore, considerably con-
tribute to a deeper understanding of functional principles of
stem cell organization. In conjunction with predictive quan-
titative models, such a theory will assist biologists to select,
design, and optimize experimental strategies, and can help
to systematically anticipate the impact of manipulations to
a system. Theoretical approaches and simulation techniques
support the identiﬁcation of latent mechanisms and crucial
parametersofbiologicalprocesses,andmaypredictnewphe-
nomena. Furthermore, the application of a common model
structure to diﬀerent systems (i.e., tissues or cell types) may
helptounderstandgenericconstructionandregulationprin-
ciples.
To serve as the basis for a theoretical framework of tissue
stem cell organization and to allow for a stringent experi-
mental validation of the theory, quantitative models have to
fulﬁll a number of general requirements. They have to pro-
vide experimentally testable predictions. Because functional
assays are the only way to deﬁnitely characterize tissue stem
cells, the models must be able to account for the readouts of
these assays. This requires that system-measurement interac-
tions have to be considered in the model. Furthermore, stem
cell models must be based on populations of individual cells
to follow clonal development, to enable considerations of
population ﬂuctuations, and to conform to the uncertainty
principle. Because of the increasing evidence that stem cell
behavior is not the result of a cell-autonomous program, but
instead the consequence of complex cell-cell and cell-growth
environment interactions, these interactions have to be rep-
resented in such models. To be able to correctly describe reg-
ulatory processes, the model systems have to be dynamic in
time, and possibly also in space. Particularly, they must be
comprehensive in the sense of being applicable to normal
homeostasis as well as to perturbed situations.
4. A NEW PERSPECTIVE ON STEM CELL SYSTEMS
The functional deﬁnition of tissue stem cells implies that
stemness should be regarded as a functional endpoint rather
than as an explicit attribute of individual cells. Therefore,
any concept of tissue stem cells has to specify assumptions
about the mechanisms that potentially control the regenera-
tiveandproliferativepotentialofthesecells.Thus,adynamic
model should adequately represent processes that drive and
controlcellularattributes.Apparently,theseprocessesarede-
termined by the genetic and epigenetic statuses of the cells
as well as by the activity of various signaling and metabolic
pathways. Since it is presently impossible to describe the en-
tirety of these processes in any reasonable detail, one major
goal is the derivation of a simpliﬁed basic scheme accounting
for the generic principles underlying the cellular dynamics.
Because many experimental results show the necessity
to consider ﬂexibility and reversibility of cellular properties
as important constituents of stem cell organization, we pro-
pose to give up the view of tissue stem cells as being entities
withapreprogrammeddevelopment.Thisviewshouldbere-
placed by a concept that makes cellular capabilities for ﬂex-
ible and regulated tissue self-organizing the new paradigm
[13].Suchaconceptincorporatescontext-dependentpheno-
typic reversibility and generation of stem cell heterogeneity
astheresultofadynamicallyregulatedprocess.Itconsequen-
tially avoids assumptions that lead to a direct or indirect a
priori labeling of particular cells as stem cells; cells are purelyIngo Roeder et al. 3
characterized on the basis of functional potentials. These cel-
lular potentials as well as their actual use are able to change
in response to cell-cell and cell-microenvironment interac-
tions, such that the cell population fulﬁls the functional cri-
teria of the stem cell deﬁnition. In this sense, a cell with high
potential for long-term repopulation will not necessarily act
as a long-term repopulating cell. In contrast, a cell with only
a low long-term repopulating potential might, under certain
circumstances, be selected to act as a stem cell. It should be
stressed that although this concept includes a considerable
degree of ﬂexibility in the cellular development, it does not
excludetheexistenceofrestrictionsinthedevelopmentalpo-
tential of individual cells. Therefore, also the complete loss of
repopulatingpotentialatacertainstageofdevelopment(e.g.,
due to terminal diﬀerentiation) is compatible with the pro-
posed concept.
Toputsuchatheoreticalframeworktoaquantitativetest,
comparing it with various types of experimental observa-
tions, the general concept has been translated into a stochas-
tic, single-cell-based model for HSC [33] which is summa-
rized in the next section.
5. A NEW MODEL OF HEMATOPOIETIC
STEM CELL ORGANIZATION
Asalreadydescribedinthecontextofthegeneralconcept,we
assume that cellular properties of HSC can reversibly change
within a range of potential options. Herein, the direction
of cellular development and the decision whether a certain
property is actually expressed depend on the internal state
of the cell and on signals from its growth environment. Par-
ticularly, individual cells are considered to reside in one of
twogrowthenvironments(denotedasGE-AandGE-Ω).The
stateofeachcellischaracterizedbyitsactualgrowthenviron-
ment, by its position in the cell cycle (G1,S ,G 2,M ,o rG 0),
and by a property a, which describes its aﬃnity to reside in
GE-A. Whereas cells in GE-Ω are assumed to gradually loose
aﬃnity a, cells in GE-A are able to gradually regain a (up to
a maximal value amax). Furthermore, whereas cells in GE-A
are assumed to be nonproliferating, cells in GE-Ω are able to
proliferate with an average generation time τc. The transition
ofcellsbetweenthetwogrowthenvironmentsismodeledasa
stochastic process. The transition intensities (i.e., the proba-
bilities ofgrowthenvironmentchangepertimestep,denoted
asαandω)dependontheactualvalueoftheaﬃnityaandon
thenumberofstemcellsresidinginGE-AandGE-Ω,r espec-
tively. If aﬃnity a of an individual cell has fallen below a pre-
speciﬁed threshold (amin), the ability to home to GE-A and,
therefore, the potential to regain aﬃnity a is lost. These cells
start the formation of diﬀerentiated clones with a ﬁxed life
span, that is, they continue to proliferate for a ﬁxed period of
time and are ﬁnally removed from the system. Figure 1 pro-
vides a graphical illustration of the model structure.
We demonstrated that this model of HSC organization
consistently describes a broad variety of observed phenom-
ena such as heterogeneity of clonogenic and repopulation
potentials, changing cell cycle activity of primitive progen-
itors, or diﬀerent types of clonal competition including the
amax amin a = 0
Stem cells Diﬀ.c e l l s
GE-A
GE-Ω
a a ···
a
a
. . .
. . .
ω
α
a a
r
··· a
1/d
Figure 1: Schematic representation of the model. The lower part
(gray) represents growth environment GE-A and the upper part
(white) GE-Ω. Cell ampliﬁcation due to proliferation in GE-Ω is
illustrated by growing cell numbers. Whereas growth environment
aﬃnity a decreases by factor 1/d p e rt i m es t e pi nG E - Ω, it in-
creases by factor r per time step in GE-A. The actual quantity of a
is sketched by diﬀerent font sizes. If a falls below a critical threshold
amin, the cell loses its potential to switch to GE-A and a is set to zero
(represented by empty cells). These cells are called diﬀerentiated.
Transition between GE-A and GE-Ω occurs with intensities α and
ω, which depend on a (represented by the diﬀerently scaled vertical
arrows) and on the cell numbers in the target GE (reprinted from
[33] with permission from International Society for Experimental
Hematology).
development and treatment of speciﬁc human leukemias
[33–36]. Particularly, the proposed single-cell-based model
structure allows to analyze cellular dynamics not only on the
population, but also on the individual clone level. This is of
particular interest in applications where the dynamic prop-
erties of individual (potentially manipulated) stem cells or
stem cell clones are essential targets. Examples of such appli-
cations are gene-therapeutic approaches, and also the ex vivo
expansionofstemorprogenitorcells.Inbothcases,thecom-
petitive repopulation potential and the in vivo persistence of
(clonally derived) stem cell transplants should be controlled
and possibly optimized.
To illustrate the theoretical investigation of individual
cell fates and of clonal dynamics and to highlight important
beneﬁts of a model analysis, we will consider two particular
phenomena classes: ﬂuctuating contribution of individually
marked stem cell clones and cell fate asymmetry of paired
progenitors.
6. CLONALITY ANALYSIS ON THE SINGLE-CELL LEVEL
To simulate the dynamics of individual stem cell clones,
all model cells are individually labeled with an inheritable
marker at one point in time. Using this procedure, it is possi-
bletotrackallclones,initiatedbythesecells.Wewouldliketo
unmistakably point out that here and throughout the paper,
a clone is deﬁned as the entire progeny of one particular cell.4 Journal of Biomedicine and Biotechnology
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Figure 2: Clonality conversion. The numbers of existing clones within a homeostatic model system starting from an individual labeling of
allstemcellsattimezero(averageof20simulationruns)isshown.Clonalconversiondependenton(a)averagegenerationtime τc (inhours)
and on (b) repeated system disturbances (killing 50% of all stem cells at each indicated time point).
This implies that a clone is always characterized relative to a
particular marking event, specifying the founder cell of the
clone. It is also possible that diﬀerent marking events deﬁne
nested clones, implying that identical cells can be considered
as members of diﬀerent clones.
Consider the case that the individual cell marking pro-
cedure is completely neutral (i.e., not inducing any compet-
itive growth advantage) and has been applied to a homeo-
static hematopoietic system. This means that the number of
traceable clones equals the total number of cells contribut-
ing to the system at this particular time point. Starting from
such a conﬁguration, our model predicts that the system will
inevitably convert from this polyclonal state to an oligo- and
ﬁnally to a monoclonal situation. In other words, asymptot-
ically all cells will belong to only one clone (i.e., all having
onecommonancestor)eveninthecaseofcompletelyneutral
marking. However, the time scale of such a monoclonality
conversion might be very large. For the murine homeostatic
reference situation (see [35] for detailed model parameters)
with about 300 model stem cells, the time to monoclonality
has been estimated to be approximately 65 years. During a
normal mouse life span of about 2 years, the number of stem
cell clones is predicted to reduce to about 30. The cause of
this clonality conversion is the stochastic ﬂuctuation of cells
between the two growth environments, with a certain posi-
tive probability of ﬁnal diﬀerentiation (here, in the sense of
reaching a<a min)f o rc e l l si nG E - Ω. Of course, the kinetics
of the conversion depends on the model parameters which
determine the diﬀerentiation probability, such as the average
generationtimeofstemcellsτc (Figure 2(a)).Furthermore,it
ispredictedthattheprocessofcloneexhaustioncanbeaccel-
erated by system perturbations, for example, due to repeated
cell kill events (Figure 2(b)).
There is another point that might considerably aﬀect the
interpretationofexperimentalobservationsonclonalcontri-
bution. This is the fact that clone sizes (i.e., cell numbers per
clone) are predicted to ﬂuctuate over time. Therefore, also
clones that actually contribute to hematopoiesis might be
overlooked, for example, due to a threshold-dependent de-
tectionprocedure.Toillustratethiseﬀect,considerthemodel
results shown in Figure 3. Figure 3(a) illustrates the ﬂuctu-
ating size of 50 individual clones within a homeostatic sys-
tem. In contrast,Figures 3(b)and 3(c)are depicting diﬀerent
projections of this data. Whereas Figure 3(b) shows all exist-
ing clones (i.e., clone sizes larger than or equal to one cell),
Figure 3(c) indicates measurable clones, assuming a detec-
tion threshold of 10 stem cells per clone. The emerging pat-
tern looks very diﬀerent although the underlying system is
identical.
Applying these simulation results to diﬀerent observa-
tions can help to identify misleading aspects in the inter-
pretation of experimental ﬁndings and to disentangle seem-
ingly contradictory results. One example is the ongoing
debate, whether hematopoiesis is mono-, oligo- or poly-
clonal in nature. Opposing results, reaching from oligoclon-
ality with large long-lived clones to polyclonal situations
with many short-lived clones, have been reported [37–43].
To discuss the model analysis of these phenomena, let usIngo Roeder et al. 5
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Figure3:Detectabilityofindividualclones.Simulatedone-yearfol-
lowup of stem cell clones in a homeostatic reference system with 50
individuallylabeledstemcellsrandomlychosenattime0.Eachhor-
izontal bar represents one clone. (a) Real clone size with brightness
indicating the contained cell number (light gray: low cell numbers;
black: high cell numbers). (b) Existence of these clones (black), that
is, all clones containing at least one cell are shown. (c) Detectable
clones (black) using a detection threshold of at least 10 cells.
consider two particular results on the clonal composition
of the hematopoietic system. Whereas Jordan and Lemis-
chka observed an oligoclonal hematopoiesis with a few dom-
inant persistent clones [37], Drize et al. reported a polyclonal
composition with many small short-lived clones [39]. Al-
though a similar general experimental setup for the tracing
of retrovirally marked clones had been applied in both stud-
ies, the sampling strategies as well as the measurement pro-
tocols diﬀered. In contrast to Jordan & Lemischka who an-
alyzed repeated blood/spleen samples with a high cell num-
ber but with relatively low detection sensitivity for individ-
ual marker signals, Drize et al. analyzed single-cell-induced
spleen colonies obtained by injecting repeated bone marrow
samples into irradiated recipient mice. Because only a small
proportion of bone marrow cells seed in the spleen, the sam-
ple size of analyzed cells is small. However, this procedure
ensures a high detection sensitivity due to the ampliﬁcation
of the marker signal in the clonally derived colonies.
To simulate these two experimental strategies, the fol-
l o w i n ga s s u m p t i o n sh a v eb e e nm a d e .M o d e ls y s t e m sa r e
initiated with individually labeled stem cells sampled from
a homeostatic reference system. According to the two de-
scribedexperimentalprotocols,diﬀerentnumbersofmarked
cells, with n = 10 cells for the Jordan-like simulation and
n = 100 cells for the simulation of the Drize experiment,
were used. Experimentally detectable clones have been sim-
ulated by the sampling of individual model stem cells (rep-
resenting spleen-colony forming cells) with a probability of
0.01 for the Drize-like setting, and by counting all diﬀerenti-
ated clones (representing the entirety of bone marrow/spleen
cells) which exceed a size threshold of 10000 cells per clone
for the Jordan-like setting. This procedure is applied at se-
quential time points (3-month intervals). As demonstrated
by our simulations (Figure 4), the diﬀerent experimental ob-
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Figure 4: Individual clone tracking results. Bars show proportions
(mean, 95% conﬁdence interval) of individually marked clones.
Shaded bars show short-lived clones (observed three months or
less); empty bars show long-lived clones (observed more than
three months). The number of analyzed clones (the number of
mice/simulationsruns)isgivenbelowthebars.(a)Experimentalre-
sults taken from [37, 39];(b)respective simulation results,obtained
by an identical underlying system, but applying diﬀerent sampling
and measuring strategies according to the experimental protocols.
servations can be consistently explained by diﬀerences in the
sampling techniques and detection thresholds applied to an
identical underlying biological system.
7. ASYMMETRY OF CELLULAR FATE
Although our model of a self-organized stem cell popula-
tion does explicitly preclude asymmetric cell divisions, it still
accounts for asymmetric cell fates. This asymmetry, how-
ever, is not caused by a predeﬁned cell intrinsic program, but
emerges as the result of cell-cell and cell-microenvironment
interactions. For illustration (cf. Figure 5), consider a model
cell with initial aﬃnity a1. Whenever this cell divides, it gen-
erates two identical daughter cells. However, during comple-
tion of a cell division, also the aﬃnity a changes from a1 to a
new value a2 <a 1. Now, one daughter cell might change to
GE-A, subsequently regaining the aﬃnity to its initial value
a1, while the other daughter cell continues to decrease a.B e -
side such an asymmetric development, also two scenarios of
symmetric cell fates can be obtained: whenever both daugh-
ter cells regenerate their aﬃnity, the number of cells with the
original functional potential is ampliﬁed. In contrast, a sym-
metric diﬀerentiation is generated if both daughter cells re-
main under the inﬂuence of GE-Ω.
It is also possible to quantitatively describe experimen-
tal data on asymmetric stem cell behavior within the con-
text of our model. As an example, consider the cycling ac-
tivity of stem cells, as described by Punzel et al. [44]. These
authors analyzed the in vitro cell cycle activity of puriﬁed
human cord blood cells. In short, individual CD34+/CD38−6 Journal of Biomedicine and Biotechnology
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Figure 5: Self-renewing and diﬀerentiating stem cell fates. The
schemes illustrate the realization of asymmetric (self-maintaining),
symmetric self-renewing, and symmetric diﬀerentiating stem cell
fatesinthecontextoftheself-organizingstemcellmodel.(a)Clonal
development with respect to the two model growth environments
andtheaﬃnitya.(b)Correspondingclonetreerepresentations(cell
fate over time) with gray-scale coding of actual aﬃnities (dark gray:
high a, light gray: low a).
cells were seeded into 96-well plates, previously coated with
either bovine serum albumin (BSA), ﬁbronectin (FN), or a
speciﬁc stromal cell line feeder layer (AFT024). Using time-
lapse ﬂuorescence microscopy, the division fate of each cell
w a st r a c e do v e r1 0d a y s .Ad i v i s i o ni sd e n o t e da sa s y m m e t -
ric if one ﬁrst-generation daughter cell did not divide during
the culture period while the other ﬁrst-generation daughter
divided at least once. Occurrence of asymmetric cell division
was quantiﬁed by the percentage of cells showing asymmet-
ricdivisionwithrespecttoallcellsdeposited(ADindex).The
determinedADvaluesforthestroma-freecultures(BSA,FN)
were22.9% and 22.8%, respectively. In contrast,an AD value
of31.1%hasbeenobservedfortheAFT024cultures,suggest-
ing that stromal coculture is able to increase the asymmetric
behavior.
To test whether these results can quantitatively be repro-
duced without the assumption of asymmetric cell division
events, individual model systems have been initiated with
single cells. These systems have been traced for 10 days ac-
cording to the experimental protocol. To compare the AD
index of simulations and experiments, a model division is
denoted as asymmetric whenever only one of the two ﬁrst-
generationdaughtercellsisperformingfurthercelldivisions.
Otherwise, the division is denoted as symmetric.
The simulations revealed that the proportion of asym-
metric cell fate is particularly sensitive to the initial aﬃnity
a of in silico culture-initiating cells. The higher the initial
GE-A aﬃnity a of the cells is, the higher the proportion of
asymmetric cell divisions is (Figure 6). Because aﬃnity a di-
rectly correlates to the probability of a cell to long-term re-
populate a model system, these results predict that cells with
high long-term repopulating potential more frequently ex-
hibit an asymmetric cell fate in vitro. Furthermore, the ex-
perimental observation that stromal coculture of stem cells
enhances the proportion of asymmetric divisions can be ex-
plained by the assumption of diﬀerent regeneration coeﬃ-
cients r.W h e r e a sr = 1( i . e . ,n or e g e n e r a t i o no fa ﬃnity a in
GE-A) produces lower proportions of asymmetric cell fates
(Figure 6(a)), r>1 leads to an increase in the amount of
asymmetric cell fates (Figure 6(b)). Therefore, the hetero-
geneityoftheinvitrostemcellsupportingpotentialofdiﬀer-
ent stromal cell types can consistently be represented in the
model by growth environments (GE-A) allowing for variable
degrees of a-regeneration.
Basedontheseresults,weareabletoquantitativelyrepro-
duce the published experimental results. Again starting from
the previously derived reference parameter set that consis-
tently describes diﬀerent in vivo assays using C57BL/6 mice
[35], a variation of the initial aﬃnity range and of the regen-
eration coeﬃcient lead to a good quantitative ﬁt of simula-
tion results and experimental data (Figure 7). Whereas the
stroma-free situation is described by a regeneration coeﬃ-
cient of r = 1, r = 1.05 is assumed for the situation of
a stroma-supported culture. Note that the latter r-value is
still smaller than 1.1, which is the regeneration coeﬃcient as-
sumed for the in vivo situation. Both simulation scenarios
use initial aﬃnities a, uniformly distributed on the interval
[0.5;1].
8. CONCLUSIONS
Particularlywithregardtostemcellfateandindividualclonal
dynamics, there are a number of predictions arising from the
proposed mathematical model. One basic conclusion is that
the developmental fate of a stem cell cannot be predicted
with certainty, even if the actual state of the cell could be
determined exactly. However, probabilistic statements about
the future development of individual clones as well as about
the potential of a population of well-characterized cells are
certainly possible. In terms of the model, the likelihood for
a certain developmental fate of a stem cell is assumed to de-
pend on the general potential of the cell, on its actual state,
and on the microenvironmental signals the cell receives. As
demonstrated for a chimeric mouse model [35], genetic dif-
ferences in the potential of cells (e.g., reactivity on microen-
vironmental signals) are able to induce competitive growth
(dis)advantages. It has be shown that even very small dif-
ferences in cellular properties, which would not aﬀect the
general repopulation ability of the cells in a nonchimericIngo Roeder et al. 7
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Figure 7: In vitro cell fates with respect to cell cycle activity. Bars
represent the proportions of asymmetric divisions (AD score; mean
+/− standard deviation) in cultures with or without stromal sup-
port.Experimentalresults(takenfrom[44])arebasedonn = 13in-
dependent evaluations of 96-well plates for culture conditions with
(gray) and without stromal support (white). Corresponding sim-
ulation results have been obtained by evaluating n = 100 in silico
experiments per setting, each consisting of 96 individual, single-
cell-induced model systems with regeneration coeﬃcients r = 1.05
(gray) and r = 1 (white), respectively.
situation, are suﬃcient to sensitively aﬀect the cellular de-
velopment in the competition scenario. This might not only
holdforcellsofdiﬀerentgeneticbackgrounds.Alsoepigenet-
ically determined (as, e.g., suggested by the group of M¨ uller-
Sieburg [45,46])orinduced(e.g.,byinsertionalmutagenesis
[47, 48]) diﬀerences between stem cell clones within one ge-
netic background could inﬂuence the probabilities for cer-
tain developmental fates.
Another related prediction is the clonality conversion as
a consequence of system immanent ﬂuctuations. Even in the
oversimpliﬁed case of an identical potential of all stem cell
clones, the dominance of some clones in the long run is pre-
dicted with certainty. Still, it is not possible to unequivocally
specify the successful clones in advance. However, as stated
above, even small diﬀerences in the cellular potential of stem
cell clones are able to bias the competitive potential consid-
erably. Our model is able to estimate the eﬀect of diﬀerences
in cellular parameters on competitive growth characteristics,
and therefore, to provide statistical predictions about future
clonalcontributions.Thismightparticularlybeimportantto
understandtheeﬀectsofinsertionalmutagenesisaswellasto
quantitatively characterize the outcome of gene-therapeutic
interventions.
A third important model prediction touches the role of
asymmetric stem cell fates. Even though a developmental
asymmetry of stem cells is inevitably required to provide
ac o n t i n u o u sp r o d u c t i o no fd i ﬀerentiated cells without ex-
hausting thestemcellpopulation, this asymmetryis not nec-
essarily linked to cell division events. Alternatively a ﬂexible
functional asymmetry can be achieved by a self-organizing
population of interacting cells, including a certain degree of
reversibility in cellular properties and functionalities.
Summarizing our results, we demonstrated that it is pos-
sible to understand tissue stem cell systems without assump-
tions on unidirectional developmental hierarchies, prepro-
grammed asymmetric division events, or other assumptions8 Journal of Biomedicine and Biotechnology
implying the existence of a predetermined stem cell entity.
As illustrated for the hematopoietic system, a self-organizing
perspective would change the paradigm of thinking about
stemcells.Withinsuchaconcept,cellularpropertiesarecon-
sidered to permanently ﬂuctuate with some cells meeting
a situation of clonal expansion. This means that stem cells
are selected and modiﬁed in response to cell-cell and cell-
microenvironment interactions, rather than being special-
ized ap r i o r i .Thus, it is their potential and the ﬂexibility to
use it, but not a particular actually expressed property, that
distinguishes them from other cells.
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